The crystal structure of HPTP-B, a human isoenzyme of the low molecular weight phosphotyrosyl phosphatase (LMW PTPase) is reported here at a resolution of 1.6 Å . This high resolution structure of the second human LMW PTPase isoenzyme provides the opportunity to examine the structural basis of different substrate and inhibitor/activator responses. The crystal packing of HPTP-B positions a normally surface-exposed arginine in a position equivalent to the tyrosyl substrate. A comparison of all deposited crystallographic coordinates of these PTPases reveals three atomic positions within the active site cavity occupied by hydrogen bond donor or acceptor atoms on bound molecules, suggesting useful design elements for synthetic inhibitors. A selection of inhibitor and activator molecules as well as small molecule and peptide substrates were tested against each human isoenzyme. These results along with the crystal packing seen in HPTP-B suggest relevant sequence elements in the currently unknown target sequence.
Tyrosine phosphorylation and dephosphorylation are critical components of eukaryotic signaling. The superfamily of protein-tyrosine phosphatases (PTPases) 2 is defined in part by a canonical CX 5 R(S/T) active site motif (P-loop), and can be divided into families based on substrate specificity and protein size (1) (2) (3) . Following the classification scheme of Alonso et al. (1) , the receptor-like PTPases such as CD45 (4) and non-receptor PTPases such as PTP1B (5) are subdivisions of the class I Cys-based family, multidomain proteins where the canonical phosphatase domain is roughly 30 kDa. The low molecular weight (LMW) PTPase, a soluble 18-kDa protein with essentially no sequence similarity to the other families beyond the active site P-loop (6) , is the only member of the class II Cys-based family. Two isoenzyme forms of the LMW PTPase are expressed in humans, HPTP-A and HPTP-B, identical in sequence except for an mRNA splice variant sequence corresponding to residues 40 -73 (7) .
Although all PTPases are thought to have the same basic mechanism, the families show marked differences in substrate specificity and small molecule modulation. Within the class II family those differences can be sorted into either an HPTP-A or HPTP-B type response. Both isoenzyme forms have been isolated from rat, chicken, Xenopus laevis, and Drosophila (8 -13) , whereas the single Tritrichomonas fetus enzyme is similar to HPTP-A (14) and the Mycobacterium tuberculosis, yeast, and bovine enzymes are similar to HPTP-B (15) (16) (17) (18) . The human isoenzymes exhibit a dramatically different response to a variety of purine molecules (19, 20) . In particular, adenine has been shown to inhibit HPTP-A and activate HPTP-B, whereas hypoxanthine activates HPTP-A with little to no effect on HPTP-B. It has also been reported that the rat isoenzyme ACP2 is activated 900% by cGMP, whereas the activity of isoenzyme ACP1 is unchanged (21) . Adenine has been co-crystallized with the Saccharomyces cerevisiae LMW PTPase, and the structure suggests a basis for HPTP-B activation (20) . The adenine binds near the top of the active site and helps position a water molecule to attack the covalent cysteine intermediate, accelerating the rate-limiting step, which is the release of phosphate from the enzyme. This mode of activation may be extended to explain the effect of hypoxanthine on HPTP-A and cGMP on rat ACP2, but does not explain the negligible or inhibitory effect of these compounds on the alternate isoenzyme. Nonetheless, these subtle differences might be exploited to develop inhibitors that specifically target either isoform.
Several reports in the literature have suggested that the LMW PTPase family has oncogenic relevance because overexpression of the A isoform of LMW PTPase is sufficient to transform epithelial cells (22) . This, coupled with the modulation effects seen with purines, encouraged us to pursue a course of rational inhibitor design (23) . In an effort to design both isoenzyme and family-specific inhibitors, it is necessary to have high resolution structures of both human forms of the enzyme. We describe in this report the structure of HPTP-B at 1.6-Å resolution, the highest reported resolution for a LMW PTPase to date. A packing arrangement unseen in previous LMW PTPase structures intercalates a pair of cationic residues in the active site pocket. This structure provides a unique opportunity to revisit the question of substrate specificity and further examine the structural parameters for the design of LMW PTPase inhibitors. To that end, kinetic parameters for both of the HPTP isoenzymes have been determined with a variety of substrates and inhibitors, along with a mutational analysis of the role that three variant residues in the two isoforms have in cGMP activation.
MATERIALS AND METHODS
Unless otherwise stated, all reagents were purchased from commercial suppliers and used without further purification.
Wild-type Expression, Purification, and Crystallization-Cloning, expression, and purification of HPTP-A and HPTP-B were performed as previously described (7, 24) . Analysis of purity by SDS-PAGE showed two impurities of lower molecular weight for the A isoform and three for the B isoform. These fragments are the result of Asp-Pro bond cleavage (25) (26) (27) , and appear because of heating the sample prior to loading the gel. Unboiled samples did not show these bands (data not shown). HPTP-B was concentrated to 10 mg/ml and dialyzed into nanopurified water prior to all crystallization trials. Fine needle clusters appeared consistently across a relatively broad range of conditions, so variations in drop size and well-to-protein ratio were examined to produce diffraction quality crystals. Spontaneous overnight growth of small distinct plates (0.1 ϫ 0.04 ϫ 0.02 mm) was eventually obtained in a 6-l hanging drop using 0.5 l of the concentrated HPTP-B and 5.5 l of a well solution consisting of 100 mM MES at pH 6.5 with 30% polyethylene glycol monomethyl ether (M r 5000) and 50 mM (NH 4 ) 2 SO 4 . Individual crystals were mounted in a cryoloop and flash frozen in liquid N 2 after a 10-s soak in a cryoprotectant solution of 90% well solution, 10% glycerol.
Mutagenesis, Expression, and Purification of HPTP-B Mutant Proteins-Mutant proteins were obtained by site-directed mutagenesis (28) of the wild-type HPTP-B coding sequence (7) . Fragments of ϳ550 bp containing the HPTP-B gene were digested from the original pET vector and subcloned into the corresponding sites of the bacteriophage M13mp18. Mutagenesis was performed using a Mutagene M13 in vitro mutagenesis kit from Bio-Rad. A StyI restriction site was engineered into each mutagenic primer to facilitate initial screening. The mutant gene was digested using NcoI-BamHI restriction enzymes and subcloned into the pET-11d expression vector. The ligation mixture was transformed into the Escherichia coli strain DH5␣, and individual colonies were sequenced to confirm the presence of the desired mutation. E. coli strain BL21(DE3) was used for overexpression of the mutant proteins.
Expression and purification of the mutant B-W49Y was accomplished by the standard LMW PTPase two-step purification scheme (24) . For B-N50E, B-R53N, and B-W49Y/N50E the first step of the purification scheme used a hydrophobic interaction chromatography column. The lysate was loaded onto the hydrophobic interaction chromatography column using 1.5 M (NH 4 ) 2 SO 4 , after which the salt concentration was gradually reduced. The protein was eluted using 0.5 M (NH 4 ) 2 SO 4 buffer. The protein was further purified using size exclusion chromatography on Sephadex G-50 as in the standard scheme. Yields for all mutants were at least 20 mg of protein per liter of culture.
Data Collection and Structure Refinement-Initial data collection was done on a Rigaku RU200 rotating anode x-ray generator with an R-AxisIV ϩϩ image plate detector. The preliminary refinement indicated a highly ordered crystal that diffracted to 2.0 Å. To maximize the number of observable reflections, high resolution data were collected on the ID19D beamline at the Advanced Photon Source at 100 K and the frames were indexed and integrated using HKL2000 (29) . HPTP-B crystallized in the monoclinic space group P2 1 with unit cell parameters a ϭ 31.3 Å, b ϭ 35.5 Å, c ϭ 60.4 Å, and ␤ ϭ 100.0°and diffracted to 1.62 Å.
Structure determination was performed with elements of the CCP4 package (30, 31) . Molecular replacement was performed using MOL-REP (32) and the full coordinates for HPTP-A (Protein Data Bank code 5PNT (33) ) as the search model to find initial phases. The R-factor for this initial solution was 40.2%. The final structure was established after eight cycles of manual adjustment followed by refinement using Refmac5.2 (34) with an R work of 15.8% and an R free of 21.5%. Water molecules were added using Refmac starting with the second round of refinement, deleting by hand those with high B factors or unassociated with the enzyme. A glycerol molecule was fit to a portion of density in the 2F o Ϫ F c map not sufficiently explained by water. Starting with the sixth round of refinement, 10 residues were built with half-occupancy in two conformations. In each case, multiple rotamers were assigned only to those residues that exhibited reasonable density in each position as measured with a 2F o Ϫ F c map, but also showed some negative density at 3 in the F o Ϫ F c map for any one rotamer at full occupancy and positive density at 3 for the position of the other rotamer. The final refined model of HPTP-B contains 157 amino acids, 139 water molecules, one sulfate ion, and one glycerol molecule. As measured using Procheck (35) , HPTP-B has no outliers in the Ramachandran plot and 94% of the residues are in the most favored regions. The data collection and refinement statistics are summarized in Enzyme Activity Assay-Unless otherwise stated, all enzymatic assays were performed at 37°C using 100 mM sodium acetate buffer, pH 5.0, and an ionic strength of 0.15 M, adjusted by addition of sodium chloride. Phosphatase activity was measured as described previously (17) , with 10 mM p-nitrophenyl phosphate (pNPP) as substrate. Protein concentrations were determined by UV absorbance measurement using extinction coefficients calculated by the ProtParam tool from the ExPASy website (37) .
Steady State Kinetics-Michaelis-Menten parameters for wild-type and mutant proteins were determined using pNPP and phosphotyrosine in sodium acetate buffer. Reactions were performed in triplicate in a volume of 400 l with 10 different substrate concentrations ranging from 0.1 to 10 K m (Michaelis constant, substrate concentration at onehalf V max ). The amount of p-nitrophenolate produced after quenching in strong base was determined by measuring the absorbance at 405 nm as described previously (24) . For phosphotyrosine, the reactions were quenched after 4 min by adding 200 l of 10% trichloroacetic acid followed by the addition of a 500-l mixture composed of 200 l of 2% ammonium molybdate and 300 l of 14% ascorbic acid in 50% trichloroacetic acid. A 1-ml aliquot of 2% trisodium citrate and 2% sodium arsenite in 2% acetic acid was then immediately added. The resulting blue phosphomolybdate complex was developed for 10 min, and the absorption at 700 nm was measured (38) . For both assays, the values were fit to the Michaelis-Menten equation using the computer program Scientist (MicroMath, Inc.).
Inhibition and Activation Studies-Inhibition constants for HEPES, inorganic phosphate, pyridoxal phosphate (PLP), vanadate, and ZnCl 2 were determined at five different pNPP concentrations (0.1-5 K m ). At each substrate concentration, 10 different inhibitor concentrations were used to determine the initial velocity. A plot of 1/V versus ͗I͘ was made, and the K i (inhibition constant) value determined from the point where all lines intersected in the second quadrant (39) .
The cGMP activation studies were performed under the same conditions as the inhibitor studies at a fixed concentration of pNPP (10 mM). Ten different cGMP concentrations were used, ranging from 0 to 2.4 mM. Reactions were quenched after 4 min and performed in duplicate. The data were fit to Equation 1 where V m Ј is the maximal activity at saturation, M is the cGMP concentration, and K a Ј is the apparent activation constant as shown in the equation.
Peptide Substrate Studies-A selection of peptides (Table 2) was examined for substrate specificity against both isoenzyme forms by analogy to previous studies done with PTP1B (40, 41) and the rat LMW PTPase isoenzyme forms (42, 43) . The PTP1B study showed that class I PTPs have a preference for sequences with anionic residues preceding the phosphotyrosine, whereas the rat isoenzyme study suggested the class II HPTP-B-like PTPs prefer hydrophobic residues to precede the phosphotyrosine. The AA series of phosphopeptides were synthesized at the Purdue University Protein Separation and Analysis Facility, whereas the remaining phosphopeptides were a generous gift from Dr. Chidambaran Ramachandran, Merck Sharp and Dohme. Phosphopeptide kinetics were conducted at 37°C in 100 mM bis-Tris buffer, pH 7.0, with the ionic strength adjusted to 150 mM with NaCl. For each peptide, six concentrations ranging from 0.5 to 4.5 mM were prepared to a final volume of 45 l. The reaction was initiated by the addition of 5 l of either isoenzyme at a concentration of 0.045 mg/ml except for the peptide B3 8 , which required an enzyme concentration of 0.7 mg/ml. Reactions were run for 6 min in all cases except for experiments with the signal transducer and activator of transcription (STAT) peptides, where the reactions were run for 10 min. The reaction was terminated by the addition of 450 l of diluted Malachite Green assay reagent (see below) and the reaction was allowed to sit for at least 5 min before measuring absorbance at 620 nm. The phosphate concentration was determined by comparison to a standard curve for sodium phosphate.
Inorganic phosphate production was measured using a variation of the Malachite Green assay (44, 45) that was chosen over the standard method of Black and Jones (38) because the increased sensitivity made it possible to minimize peptide use. The Malachite Green assay reagent was prepared by combining 10 ml of Malachite Green dye concentrate (130 mM Malachite Green in 3.6 M sulfuric acid) with 2.5 ml of 7.5% ammonium molybdate and 0.2 ml of 11% Nonidet P-40. Diluted assay reagent was prepared by combining 100 l of assay reagent with 350 l of either water or bis-Tris buffer. The assay reagent was prepared daily and remained stable for several hours, whereas the diluted reagent was prepared immediately prior to use.
RESULTS
Phosphatase Topology-The overall fold of HPTP-B (Fig. 1) is essentially identical to other LMW PTPase crystal structures with an average C␣ root mean square deviation of 0.79 Å. The HPTP-B structure consists of a pair of ␤␣␤ motifs, where the four ␤-strands form a continuous parallel ␤-sheet flanked on both sides by ␣-helices. The active site P-loop, residues 12-19, extends from the end of ␤1 to the start of ␣1. A 42-residue section between strands ␤2 and ␤3 contains two ␣-helices separated by relatively extended segments. This region forms one side of the active site and contains most of the variable region that distinguishes the HPTP isoenzymes. Following ␤4 is another extended loop that forms the other side of the active site and leads into a long 16-residue ␣-helix that ends just before the C terminus.
The active site forms a deep pocket in the surface of the enzyme, flanked by aromatic residues at the mouth and the three essential catalytic residues at the base. Two of the catalytic residues are part of the PTPase superfamily signature sequence, CX 5 R(S/T), in the characteristic P-loop conformation required to position the Cys and Arg for catalytic action. The cysteine accepts the phosphate group from the phosphotyrosine substrate to form the phosphoenzyme intermediate, whereas the arginine side chain and the P-loop backbone amides help position the tetrahedral anion. The third catalytically necessary residue, Asp 129 , donates a proton to the phenolate anion of the tyrosyl leaving group during the rate-determining step (48) . This aspartic acid is part of the extended loop after ␤4 and is followed by the tandem tyrosine residues Tyr 131 and Tyr 132 , which form one side of the active site mouth. The other side of the active site is capped by Trp 49 . Together these three aromatic residues help form a pocket deep enough to prevent catalytic action on phosphoserine and phosphothreonine residues. Trp 49 is also part of the 34-residue variable region distinguishing the A and B isoenzyme forms (7). This variable region forms a groove on the enzyme surface that extends from the active site and is thought to contain the residues responsible for the differences in isoenzyme specificity.
Residues with Partial Occupancy-At a resolution of 1.6 Å, the structure of HPTP-B affords us the opportunity to determine which rotamers, if any, could be exploited during inhibitor design. Ten residues were found that clearly exist in multiple rotamers. All but one of these residues are at least partially exposed to solvent. face each other in the crystal packing, but fail to form a plausible hydrogen bonding pattern. The van der Waals contacts between the monomers are such that the side chains lie against the monomer surface, preventing an ideal hydrogen bond angle between either of the carboxyl rotamers and either of the histidine rotamers.
The most interesting of the multiple rotamers is Arg 53 because it is closest to the active site and has been suggested to play a significant role in determining isoenzyme specificity (33) . This position is an Asn in HPTP-A, and mutation of this single amino acid in HPTP-B can be sufficient to change the effect of certain small molecule modulators, particularly if they are negatively charged (see below). Both rotamers of Arg 53 are within a reasonable distance to form hydrogen bonds with at least one symmetry related molecule; one rotamer may form hydrogen bonds with two different monomers.
Crystal Packing at the Active Site-The electron density in and around the active site of HPTP-B demonstrated several interesting features. A well defined tetrahedral density above the P-loop was modeled as a bound sulfate because there was no phosphate in the crystallization solution ( Fig. 2A) . The backbone amide nitrogens of residues 13-18 sit within hydrogen bonding distance of one of the oxygen atoms in the sulfate, as do the N⑀ atom and one N atom of Arg 18 Steady State Kinetics-The catalytic rate constant (k cat ) and K m values for pNPP and phosphotyrosine substrates were determined at pH 5.0 and 37°C for HPTP-A, HPTP-B, B-N50E, B-R53N, B-W49Y, and B-W49Y/N50E proteins. Expression of the double mutants proved difficult, and only B-W49Y/N50E was produced in appreciable quantities. The kinetic data are summarized in Table 3 . When phosphotyrosine was used as the substrate, K m values for HPTP-B, B-W49Y, B-N50E, B-W49Y/N50E, and HPTP-A were 9.4, 1.97, 0.82, 0.25, and 0.49 mM, respectively. Similar but less dramatic changes were observed with pNPP as a substrate. The K m values for the mutants suggest that the binding interactions of B-N50E, B-W49Y, and B-W49Y/N50E proteins may be more similar to those of HPTP-A than of the parent HPTP-B. However, changes in K m cannot be interpreted as being directly related to alterations in the K s . It is known that substrate K m for the LMW PTPase values are generally not true equilibrium binding constants (54) . The true equilibrium binding constant, K s , is related to K m by the relationship K m ϭ K s ϫ k 3 /(k 2 ϩ k 3 ). For wild-type enzyme, k 2 is ϳ40-fold larger than k 3 , so that K m Х k s ϫ (k 3 /k 2 ). Although the dephosphorylation rate constant k 3 is independent of the nature of the substrate, this is not true for k 2 . The ratio k cat /K m is an apparent second-order rate constant and describes the specificity of an enzyme for a given substrate. Using phosphotyrosine, the k cat /K m values for HPTP-B and HPTP-A were 1.8 ϫ 10 (Table 4) . Vanadate, a covalent inhibitor, was six times more effective against HPTP-A. More modest isoenzyme specificity was seen with PLP and HEPES, both of which were three to four times more effective against HPTP-A. Inorganic phosphate, HEPES, and ZnCl 2 were poor inhibitors, with K i values in the millimolar range, whereas vanadate and PLP had K i values in the micromolar range.
Activation studies of the wild-type isoenzymes and the HPTP-B mutants by cGMP were performed using the procedure outlined by Dissing et al. (19) . The activity at saturation, V m Ј, is presented as an increased percentage in activity relative to what is seen without cGMP. An approximate 1000% increase in activity was calculated for HPTP-B and B-R53N. For HPTP-A, B-W49Y/N50E, B-W49Y, and B-N50E, the activation at saturation was 44, 14, 467, and 429%, respectively (Fig. 3) .
Peptide Substrates-Activities for both human isoenzymes were tested at pH 7.0 against five sets of synthetic phosphopeptides ( Table 2 ). The first three sets are based on cellular protein sequences containing sites of tyrosine phosphorylation: autophosphorylation sites on the epidermal growth factor receptor (EGFR), regulatory sites on Band 3 or the tyrosine kinase Lck, and the double and triple tyrosine sequences in the tyrosine kinase Syk. The fourth set includes phosphorylation sites on STAT proteins 1 and 2. Increased positive charge to the carboxyl-terminal side of the tyrosine was further examined by the insertion of a second Arg residue at the Y ϩ 4 position in STAT2R. Peptides are numbered by the position of the tyrosine (the first tyrosine for the Syk peptides) in the wild-type protein sequence. Lastly, a series of five synthetic peptides was examined based on the potential binding grooves on either side of the active site pocket in the A and B isoenzyme structures. 
TABLE 3 Kinetic parameters of wild-type and mutant HPTPs versus pNPP and phosphotyrosine
Enzyme pNPP Phosphotyrosine
HPTP-A 16.8 0.12 1.4 ϫ 10 In an attempt to predict which amino acid residues adjacent to the phosphotyrosine might provide favorable enzyme-substrate interactions, a baseline alanine hexamer was created along with four additional peptides that could potentially interact with surface residues on the enzyme. To assess the peptides as substrates, k cat /K m was determined at pH 7.0 for each peptide. The triple tyrosine peptide Syk 629 was the best overall substrate at 279 and 404 s Ϫ1 M Ϫ1 for HPTP-A and HPTP-B, respectively, but none of the tested peptides were noteworthy substrates. With the exception of Syk 629 , all peptides showed a preference for HPTP-A over HPTP-B, but only the STAT peptides demonstrated better than a 5-fold preference. Interestingly, the poly-Ala peptide AA01, designed to be a baseline from which the other rational peptides could be evaluated, was in fact the best substrate of that set for HPTP-A and only slightly less effective than AA05 for HPTP-B.
DISCUSSION
Although HPTP-B has the expected LMW PTPase protein fold, clear differences in charge distribution around the active site and the observation of multiple rotamers in HPTP-B make possible new inferences about isoenzyme specificity. Whereas there is minor variation in the shape of the human isoenzyme surfaces, the most obvious difference between HPTP-A and HPTP-B is the change in the surface charges near the active site (Fig. 4) . Residues 50 and 53 (Glu and Asn in HPTP-A, Asn and Arg in HPTP-B) form the lip of the active site leading to the proposed specificity cleft where the peptide substrate is predicted to bind. The negative or neutral charge at position 50 coupled with the neutral or positive charge at position 53 should make a significant contribution to substrate specificity or efficacy of small molecule modulators directed against the two human isoenzymes. Because Arg 53 is a surface-exposed cationic side chain, the two rotamers in the crystal structure emphasize the flexibility this residue can have. The multiple rotamers may be the result of an attempt to satisfy conflicting hydrogen bond partners, because one rotamer is extended away from the protein surface to contact two symmetry related molecules while the other folds along the protein surface. The fact that neither position is favored in the crystal suggests a highly mobile residue that may be important for drug design, offering related but independent surfaces for a given compound.
The other significant feature of the active site is the pair of sequential aromatic residues Tyr 131 and Tyr 132 , which form the left side of the active site as shown in Fig. 4 . The intramolecular, T-shaped -interaction of the two aromatic residues is well maintained in all known crystal structures of the LMW PTPase family, even in the case of the yeast form of the enzyme where the second tyrosine is replaced by a tryptophan. The centroid-to-centroid distance for these aromatic residues in HPTP-B is 5.0 Å, identical to that seen for the lowest energy, T-shaped interaction between molecules in the benzene crystal structure (56) . In the HPTP-B crystal packing, these two tyrosine residues are also involved in cation-stacking to Arg 101 and Lys 102 . Interestingly, the intermolecular cation-interaction does not seem to affect the intramolecular -interaction, because previous crystal structures retain the same angle and distance between the sequential aromatics. Assuming that Arg 101 occupies the place of the tyrosyl substrate, the crystal packing interactions at the active site of HPTP-B may mirror the interactions of the natural substrate. This suggests that a positively charged residue occupying the same position as Lys 102 should follow the phosphotyrosine. A similar analysis of crystal packing interactions based on a mutant bovine form of the protein (PDB code 1C0E (57)) suggested the phosphotyrosine substrate would be preceded by an aromatic residue to establish the -interactions.
For the competitive small inhibitors PO 4 or ZnCl 2 that should not extend to the mouth of the active site, we see modest to poor efficacy and little difference between the isoenzymes. The larger competitive inhibitors HEPES and PLP show a 3-6-fold degree of difference between isoenzymes, suggestive of the important role that residues at the top of the active site play in isoenzyme specificity. Three residues that deviate between the two isoenzymes were investigated for their possible role in substrate specificity: Trp 49 , Asn 50 , and Arg 53 in the B isoenzyme, and Tyr 49 , Glu 50 , and Asn 53 in the A isoenzyme. Mutations of HPTP-B were made at these residues to the corresponding ones in HPTP-A. These changes were sufficient to affect the specificity of small molecule substrate mimics, particularly with phosphotyrosine. Although B-R53N contained the mutation farthest removed from the active site, this mutant enzyme showed a decrease in specificity relative to HPTP-B. Because residues 50 and 53 hydrogen bond to each other in both wild-type forms, it is likely that the reduced chain length and modified charge distribution in the B-R53N mutation affects the orientation of Asn 50 , which in turn causes a negative effect on substrate specificity. The single mutants B-W49Y and B-N50E exhibited k cat /K m values that were between those of HPTP-B and HPTP-A, whereas the double mutant B-W49Y/N50E exhibited a k cat /K m value very close to that of HPTP-A, suggesting that only these two mutations are necessary to interconvert between A-type and B-type specificity. Activation by cGMP followed a similar pattern, where V m Ј for B-R53N was virtually identical to HPTP-B and the maximal activities at saturation for B-W49Y and B-N50E were reduced to roughly half of the wild-type isoenzyme. The B-W49Y/N50E double mutant, like HPTP-A, exhibited little cGMP activation. These results are consistent with earlier structural data (33) that suggested residues at the mouth of the active site would be important for substrate recognition, and show that these residues are involved in tyrosine-specific recognition.
Previous work on the rat isoenzymes at pH 5.5 with a series of phosphotyrosine-containing peptides (42, 43) failed to find a good substrate for the ACP1 (HPTP-A like) isoform and provided only limited information about the ACP2 (HPTP-B like) isoform. To examine reasonable substrates at a physiological pH, we conducted our peptide survey at pH 7.0 against the human isoenzymes. Unfortunately, even our best peptide, Syk 629 , is 4 -5 orders of magnitude poorer than the ideal peptides for class I PTPases (40, 41) . Whereas this may be due in part to making the measurements at a pH above the enzymatic optimum, it is much more likely to be an indication that, as with the rat isoenzymes, none of the peptides match the sequence of the natural substrate.
The results with the synthetic peptide Syk 629 coupled with the rational peptides AA01-AA05 suggest relevant elements for an ideal phosphopeptide substrate. Replacing either terminal residue of AA01 with an Asp resulted in a negligible change of activity versus HPTP-B but slightly decreased the activity versus HPTP-A, indicating a need to avoid a negative charge distant from the catalytic site of the A isoenzyme. HPTP-A has comparable catalytic activity for peptide Syk 629 and AA01, whereas HPTP-B is roughly four times more active against Syk 629 , demonstrating that the change in sequence has little effect on the activity for the former but has a significant contribution for the latter. Although the sequential phosphorylated tyrosine residues of Syk 629 are certainly the most noteworthy characteristics of this peptide, comparing the presence of both cationic and anionic residues in Syk 629 with the presence of only anionic residues in AA02 and AA05 suggests that a cationic residue would increase activity with HPTP-B.
Recent studies have suggested that the ephrin receptor EphA2 may be the physiological substrate for the HPTP enzyme (22) , and several of the 17 tyrosine residues of the cytoplasmic segment of EphA2 within the kinase domain, the juxtamembrane region, and the SAM domain have all been proposed to regulate the activity of the Eph family (58, 59) . Based only on the structural evidence from HPTP-B and assuming Arg 101 is acting as a phosphotyrosine mimic in the present structure, we propose the natural substrate for this isoenzyme would favor a cationic residue in either the Ϫ1 or ϩ1 position. This results in only four possible substrate sites, all within the kinase domain of EphA2. Examination of the kinase domain structure (PDB code 1MQB (60)) shows the most accessible of these four residues to be Tyr 685 , flanked on either side by a lysine and part of an extended loop on the N-terminal lobe of the kinase on the opposite face from the ATP binding site.
A comparison of all known LMW PTPase crystal structures reveals a useful triad of hydrogen bond donor or acceptor atoms that should be significant in the design of small molecule inhibitors. A subset of these structures (PDB codes 1C0E (57), 5PNT (33) , and 1D2A (20)) is shown in Fig. 2D , with the three highly conserved atomic positions of a bound substrate circled in red and connected to their hydrogen bonding partner on the enzyme by yellow bars. Although there does not seem to be any specific preference for the small molecule to contain donor or acceptor atoms at these positions, every crystal structure fills at least one position by a potential hydrogen bonding atom. Previous inhibitor design in our laboratory has taken advantage of only one of these positions, a hydrogen bond donor intended to interact with Asp 129 and based on the orientation of adenine bound to the yeast form of the enzyme (20) . These early inhibitors had relatively low binding affinity in the high micromolar to low millimolar range, but revealed interesting structural requirements for binding (23) . These results, together with the structural insights from this crystal structure have led us to propose a new generation of inhibitors using similar molecular scaffolds, but incorporating a variation of the crystal contact interactions at the base, midpoint, and entrance to the active site. The synthesis, refinement, and binding specificity tests to exploit the structural differences between PTPase subfamilies of these second-generation inhibitors are currently under investigation and will be reported separately.
